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A Peccei-Quinn (PQ) symmetry is proposed, in order to generate in the Standard Model (SM)
quark sector a realistic mass matrix ansatz with five texture-zeros. Limiting our analysis to Hermi-
tian mass matrices we show that this requires a minimum of 4 Higgs doublets. This model allows
assigning values close to 1 for several Yukawa couplings, giving insight into the origin of the mass
scales in the SM. Since the PQ charges are non-universal the model features Flavor-Changing Neutral
Currents (FCNC) at the tree level. We calculate the FCNC couplings of the most general low-energy
effective Lagrangian for the axion in a procedure valid for an arbitrary number of Higgs doublets.
Finally, we report the allowed region in the parameter space obtained from the measurements of
branching ratios of semileptonic meson decays.
PACS numbers:
I. INTRODUCTION
The discovery of the Higgs in ATLAS [1] and CMS [2] collaborations with a mass of 125 GeV is very important
because it opens up the possibility of new physics in the scalar sector. From a theoretical viewpoint, other represen-
tations are well motivated, like the two Higgs doublet model [3] or models with additional singlet scalar fields [4]. On
the other hand, the discovery of the Higgs gives experimental support to the spontaneous symmetry breaking which
is the mechanism that explains the origin of the masses of the fermions and the gauge bosons. The Standard Model
(SM) [6] is consistent with experimental data and a symmetry breaking where the Higgs coupling with the fermions
is proportional to the fermion masses. Using the Yukawa Lagrangian, the Higgs mechanism allows the fermions to
get masses. However, there are various orders of magnitude between the fermion mass hierarchies which cannot be
explained in the context of the SM, where six masses for the up and down quarks have to be defined, in addition to
the three CKM mixing angles and one complex phase involving CP violation. the Two Higgs Doublet Model (THDM)
was motivated in order to give masses to up-like and down-like quarks [5] where vacuum expectation values (VEV)
v1 and v2 are related to the electroweak VEV by v
2 = v21 + v
2
2 . These fields allow proposing new physics through the
additional charged scalar field. On the other hand, the singlet scalar fields are useful to break gauge symmetries in
extended electroweak models or as candidates for dark matter [7].
Due to having three quarks up and three quarks down, the mass matrices are 3× 3 and, without loss of generality,
these can be taken Hermitian matrices having a total of 18 free parameters against the 10 physical parameters [8].
This gives freedom to reduce the number of parameters of the matrices and search for structures, textures, with zeros
that consistently allow the eigenvalues and rotations with hierarchies required experimentally.
One of them consists in performing a weak basis transformation (WBT) on the quark fields. With this method,
it is possible generating three zeros in the mass matrices without any physical consequence [9–11]. Further zeros
will have predictions that can be compared to existing data [12]. In particular, Fristzsch proposed a mass ansatz
with with six zeros[14] which were put in by hand [13], but this texture predicted for the ratio |Vub/Vcb| ≈ 0.06 a
magnitude too small [15] in strong tension with the present experimental result (|Vub/Vcb|exp ≈ 0.09) [15]. For this
reason, some authors recommended using textures with 4 zeros [16]. In the reference [18] showed that the matrices
with five texture-zeros could also explain the mass hierarchy and the parameters of the CKM matrix.
However, despite choosing the zeros of the textures by hand, there is no theory that explains the origin of the
Yukawa Lagrangians and their relation to the hierarchical mass problem. In this direction, one way that has been
explored in the literature is to propose a sector with multiple scalar doublets in addition to discrete symmetries that
reduces the number of Yukawa constants and generates the textures[19]. It is also possible to consider groups of global
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2symmetries that prohibit certain Yukawas and somehow generate the zeros of the mentioned textures[23]. Another
way to get these textures is by means of gauge symmetry on flavor, horizontal symmetries, with the assignment of
quantum numbers to the fermionic sector, which can break the universality of the Standard Model [21]. This gauge
symmetry produces textures which are linked to an additional neutral current which produces flavor changing in the
neutral currents and could be seen in future colliders.
There are many proposed models with flavor gauge symmetry beyond the SM such as SO(12), SU(8), 331, U(1)[22],
among others, which try to explain the problem of flavor and the hierarchy of masses. Another of the mechanisms to
generate textures is through additional discrete global groups to gauge symmetries. Some have been groups such as
A4, ∆27, Z2, S3 etc [23]. Another mechanism used to explain the mass hierarchy is introducing exotic quarks with
ordinary charges that mix with ordinary ones producing small masses by see saw mechanism. This kind of issue gives
freedom to modify the textures.
One of the open problems in particle physics is the strong CP violation associated with the U(1)A anomaly of the
QCD [24] which is measured in the electric dipole moment of the neutron [25] obtaining the θ term of the order of
10−10 [26]. By introducing a chiral global symmetry or Peccei Quinn symmetry, this fine parameter can be explained.
But breaking this global symmetry implies the existence of the Goldstone boson which has been excluded by the
colliders and can not be coupled directly to the quarks. This field is known as the axion and there are several models
where this axion is invisible [17]. From cosmological considerations the decay constant fa of the axion is of the order
of 10−7 − 10−11 GeV. On the other hand, the axion acquires a mass different from zero due to the mixing with the
pi0 and η mesons, and takes a mass given by [27]
ma =
√
mumd
mu +md
mpifpi
fa
, (1)
where mpi , fpi, mu and md denote the pion mass and decay constant, and the up and down quark masses, respectively.
Via this mixing, the axion decays into two photons. The axion could also be a candidate for dark matter for values
of the decay constant of the order of fa > 10
10 GeV where the different production mechanisms of the axion field[28]
are misalignment, global strings and domain wall decays, and they can give the relic density of the order of 0.12.
Experiments to study decays K → piνν¯ are being reinterpreted to study decays with flavor changing through axions
of the form K → pia. Similarly, decays with flavor changing are studied in the bottom sector and charged leptons.
On the other hand, the effective coupling of the axion to photons is excluded by low energy experiments and it must
be less than 10−11.
The texture in Ref. [18] was basically proposed because it reproduces the physical quantities at the tree level: the
six quark masses and the CKM mixing matrix (3 angles and the CP violation phase). This texture does it in a very
precise way. The way this texture was achieved by trial and error and by using the most accurate experimental data
currently available. Furthermore, using the WBT method the texture was reduced to have 9 real parameters and two
phases without losing generality. To obtain relations between the SM observables, two additional zeros are imposed.
In our case, this is very convenient since we want to understand the mass hierarchies of the standard model with a
minimum of free parameters. In our work we want to reproduce the texture described in the Ref [18] imposing a U(1)
Peccei Quinn symmetry . The up and down mass matrices MU,D in Ref [18] are 3×3 square matrices with non-trivial
textures and with all the couplings involving the up quark u3R different from zero. With the previous considerations
and assuming that the texture of MU is due to a PQ symmetry, it is possible to establish (see appendix A) that a
minimum of three Higgs doublets are necessary to reproduce the up quark mass matrix. Similar considerations are
also applied to the down quark mass matrix MD. However, through trivial algebra it is possible to demonstrate (see
appendix A) that independent of the chosen PQ charges, it is not possible to simultaneously generate the down and
up mass matrices with only three Higgs doublets. So, it is necessary to include a fourth Higgs doublet in the spectrum
to reproduce the texture [18].
In order to account for the pararameter space of the PQ charges, it is necessary to impose some normalization
on the charges. As will be shown later, in our approach the parameter space of the PQ charges is a tridimensional
space, hence, following a similar procedure as in E6 [29–32], it will be advantageous to write the PQ charges as a
linear combination of conveniently chosen PQ charges associated with U(1)PQ symmetries. As it is usual in the PQ
formalism, we are interested in those charges for which the QCD anomaly N is different from zero, for this reason,
in the literature N is used as the normalization of the Peccei-Quinn (PQ) charges. In order to generate the proper
normalization, for an SM fermion ψ the most general PQ charges that reproduce the texture in Ref. [18] are given by
the parameterization
QPQ(sˆ1, N, α)(ψ) =
N
9
(
sˆ1Q
s1
PQ(ψ) + (+ sˆ1)Q
s2
PQ(ψ)
)
+ αQVPQ(ψ), (2)
In this expression,  = (1 − AQ/N) and AQ = xQL − xQR is the contribution to the anomaly of a heavy quark Q
singlet under the electroweak gauge group, with left (right)-handed Peccei-Quinn charges xQL,R , respectively. The
3parameter sˆ1 is an arbitrary real number. To solve the strong CP problem N 6= 0 and, as we will show later, to
generate the texture-zeros in the mass matrices it is necessary to keep  6= 0. The explicit expressions for QV,s1,s2PQ (ψ)
are shown in Table I. With these definitions for Flavor Changing Neutral Currents (FCNC) observables the charges
Particles QVPQ Q
s1
PQ Q
s2
PQ
qLi 1 1 1 -2 -1 0 2 1 0 xqi
uRi 1 1 1 1 0 -1 0 1 2 xui
dRi 1 1 1 2 1 0 -3 -2 -1 xdi
family 1 2 3 1 2 3 1 2 3
TABLE I: The three columns in each slot are the Peccei-Quinn charges xψi in each family. PQ charges are shown for the SM
left-handed quarks xqi , the right-handed up-like xui and down-like xdi quarks for the three families i = 1, 2, 3.
are proportional sˆ1 and  (since Q
V
PQ is universal and anomaly free) and the QCD anomaly is given by
N = 2Σq − Σu− Σd+AQ, (3)
where Σq = xq1 + xq3 + xq3 is the sum of the PQ charges on the three families. This parameterization is quite
convenient since that by fixing N and fa we can vary sˆ1 and  for a fixed ΛPQ = faN in such a way that the
parameter space naturally reduces to two dimensions.
II. THE FIVE TEXTURE-ZERO MASS MATRICES
One of the motivations to study the texture zeros in the Standard Model (SM) and its extensions, is to simplify
as much as possible the number of free parameters present in these models. The Yukawa Lagrangian, which is the
responsible to give mass to the SM fermions after the spontaneous breaking of the electroweak symmetry SU(2) ⊗
U(1)X → U(1)Y , has 36 free parameters in the quark sector, enough to reproduce the experimental data in the
literature, i.e., the 10 physical quantities in the quark sector ( 6 quark masses, 3 mixing angles and the CP violation
phase of the CKM matrix). Without a Model to make predictions, discrete symmetries can be used to prohibit some
components in the Yukawa matrix by generating the so-called texture zeros in the mass matrix. In many works
instead of proposing a discrete symmetry, texture zeros are proposed as practical alternatives. This approach has
as advantage that it is possible to choose the optimal mass matrix for analytical treatment of the problem, while
simultaneously manage to adjust the mixing angles and quark masses.
In the literature there are many proposed five-zero textures for the SM quark mass matrices [9, 33–37] 1. Several
of these textures successfully reproduce the experimentally measured physical quantities. We chose the following
five-zero texture because it gets a good fit for the quark masses and mixing parameters [18, 38, 39]:
MU =
 0 0 Cu0 Au Bu
C∗u B
∗
u Du
 ,
MD =
 0 Cd 0C∗d 0 Bd
0 B∗d Ad
 .
(4)
Due to the mass matrices are Hermitian the off diagonal matrix elements are not independent, hence, the number
of texture zeros in both matrices sum five. By using a weak basis transformation (WBT) [10, 11, 18] it is possible to
remove the phases in MD to be absorbed in MU , i.e., the phases in Bd y Cd are absorbed in Bu y Cu, so that the
1 The six-zero textures have already been ruled out because their predictions are outside the allowed experimental ranges. For a more
detailed discussion see the references cited above.
4mass matrices (4) can be rewritten as:
MU =
 0 0 |Cu|eiφCu0 Au |Bu|eiφBu
|Cu|e−iφCu |Bu|e−iφBu Du
 ,
MD =
 0 |Cd| 0|Cd| 0 |Bd|
0 |Bd| Ad
 ,
(5)
where φBu and φCu are the respective phases of the complex entries of Bu and Cu. Since the trace and the determinant
of a matrix are invariant under diagonalization, we can compare these invariants for the mass matrices (5) with the
corresponding expressions in the mass basis where these matrices are diagonal, in such a way that we can write down
the free parameters in MU and MD in terms of the quark masses.
Du = mu −mc +mt −Au, (6a)
|Bu| =
√
(Au −mu)(Au +mc)(mt −Au)
Au
, (6b)
|Cu| =
√
mumcmt
Au
, (6c)
Ad = md −ms +mb, (6d)
|Bd| =
√
(mb −ms)(md +mb)(ms −md)
md −ms +mb , (6e)
|Cd| =
√
mdmsmb
md −ms +mb . (6f)
For reasons of convenience we have imposed that the eigenvalues of the mass matrices for the second generation take
the negative values −mc and −ms. Au is left as a free parameter and its value, determined by the hierarchy of the
quark masses, must be in the following interval:
mu ≤ Au ≤ mt. (7)
The exact analytical diagonalization mass matrices in Eq. (5) are shown in Appendix B.
III. PQ SYMMETRY AND THE MINIMAL PARTICLE CONTENT
The five-texture zeros present in the mass matrices (4) can be generated through a U(1)PQ symmetry on the Yukawa
interaction terms between the SM fermions and the Higgs doublets in the model [40–42]. The Yukawa Lagrangian for
these fields is given by
L ⊃ −
(
q¯Liy
Dα
ij Φ
αdRj + q¯Liy
Uα
ij Φ˜
αuRj + h.c
)
, (8)
where n stands for the number of Higgs doublets and α = 1, · · · , n. There is an implicit sum over repeated indices.
In our approach we assign arbitrary charges QPQ to the quark sector particles for the left-handed doublets (qL): xqi ,
up-like right-handed singlets (uR): xui and down-like right-handed singlets (dR): xdi of each family (i = 1, 2, 3); and
for the Higsses in the model, xφα (α = 1, · · · , n). For the time being we only consider the quark sector but a similar
analysis can be done in the lepton sector [43]. We can obtain texture-zeros by imposing the conditions:
MU =

0 0 x
0 x x
x x x
 −→

SUα11 6= 0 SUα12 6= 0 SUα13 = 0
SUα21 6= 0 SUα22 = 0 SUα23 = 0
SUα31 = 0 S
Uα
32 = 0 S
Uα
33 = 0
 , (9)
MD =

0 x 0
x 0 x
0 x x
 −→

SDα11 6= 0 SDα12 = 0 SDα13 6= 0
SDα21 = 0 S
Dα
22 6= 0 SDα23 = 0
SDα31 6= 0 SDα32 = 0 SDα33 = 0
 , (10)
5where SUαij = (−xqi + xuj − xφα) and SDαij = (−xqi + xdj + xφα). Equality must be satisfied only by one of the
Higgs doublets, so in principle, we have 11 equations. The inequalities must be satisfied by all the Higgs charges xφα
therefore we have 4 × 7 = 28 inequalities. In Appendix A, it is shown that the analyzed texture (4) needs at least
four Higgs doublets, i.e., n = 4, to reproduce the five-texture zeros with the PQ symmetry U(1)PQ. There are many
different ways to couple the four Higgs fields to the SM quarks to generate the five texture-zeros; however, if we limit
ourselves to Hermitian mass matrices (which is not necessary, but it represents advantages). In what follows we will
use the parameterizations shown in the Tables II and III. We also include an additional scalar singlet S to break the
Particles Spin SU(3)C SU(2)L U(1)Y QPQ(i = 1) QPQ(i = 2) QPQ(i = 3) U(1)PQ
qLi 1/2 3 2 1/6 −2s1 + 2s2 + α −s1 + s2 + α α xqi
uRi 1/2 3 1 2/3 s1 + α s2 + α −s1 + 2s2 + α xui
dRi 1/2 3 1 -1/3 2s1 − 3s2 + α s1 − 2s2 + α −s2 + α xdi
TABLE II: The columns 6-8 are the PQ QPQ charges for the SM quarks in each family. The subindex i = 1, 2, 3 stands
for the family number in the interaction basis. The parameters s1, s2 and α are reals, with s1 6= s2, where: s1 = N9 sˆ1 and
s2 =
N
9
(+ sˆ1).
Particles Spin SU(3)C SU(2)L U(1)Y QPQ U(1)PQ
φ1 0 1 2 1/2 s1 xφ1
φ2 0 1 2 1/2 s2 xφ2
φ3 0 1 2 1/2 −s1 + 2s2 xφ3
φ4 0 1 2 1/2 −3s1 + 4s2 xφ4
S 0 1 1 0 xS 6= 0 xS
QL 1/2 3 0 0 xQL − xQR 6= 0 xQLQR 1/2 3 0 0 xQR
TABLE III: Beyond standard model scalar and fermion fields and their respective PQ charges. The parameters s1, s2 and α
are reals, with s1 6= s2, where: s1 = N9 sˆ1 and s2 = N9 (+ sˆ1).
global symmetry U(1)PQ.
IV. NATURALNESS OF YUKAWA COUPLINGS
The previous texture analysis guarantees that the number of free parameters in the mass matrices is enough to
reproduce the CKM matrix and the quark masses; as we will show our solutions are flexible enough to set most
Yukawa couplings of order 1. As shown in the appendices, in order to generate the texture of the mass matrices
with a PQ symmetry, it is necessary at least four Higgs doublets. The chosen PQ charges are enough to generate
the texture-zeros; but it does not guarantee Hermitian mass matrices, it is true that non-Hermitian mass matrices
are also possible, however, in our approach we prefer Hermitian mass matrices to gain some analytical advantages.
In order to have self-adjoint matrices we impose the following restrictions on the Yukawa couplings in Eq. (5):
yU131 = y
U1∗
13 , y
U2
32 = y
U2∗
23 , y
D4
21 = y
D4∗
12 , y
D3
32 = y
D3∗
23 , in addition we require that the diagonal elements y
U1
22 , y
U3
33 y y
D2
33
must be real numbers. The mass matrices for the up and down quark in the interaction basis are
MU = vˆαy
Uα
ij =
 0 0 y
U1
13 vˆ1
0 yU122 vˆ1 y
U2
23 vˆ2
yU1
∗
13 vˆ1 y
U2∗
23 vˆ2 y
U3
33 vˆ3
 , MD = vˆαyDαij =
 0 |yD412 |vˆ4 0|yD412 |vˆ4 0 |yD323 |vˆ3
0 |yD323 |vˆ3 yD233 vˆ2
 (11)
where we defined the expectation values vˆi = vi/
√
2. Here we have implicitly defined the arrays yDαij which will be
needed for in the calculation of the FCNC. Taking into account the expressions (6), it is possible to establish the
6following relations between the masses of the up sector quarks and the VEVs
vˆ1 =
(
mumcmt
|yU113 |2 yU122
)1/3
, (12)
vˆ2 =
√
(vˆ1 yU122 −mu)(vˆ1 yU122 +mc)(mt − vˆ1yU122 )
vˆ1 yU122 |yU223 |2
, (13)
vˆ3 =
mu −mc +mt − vˆ1 yU122
yU333
. (14)
In an identical way for the down sector we can set the following relations:
vˆ4 =
(
mdmsmb
|yD412 |2 (md −ms +mb)
)1/2
, (15)
vˆ3 =
√
(ms −md)(md +mb)(mb −ms)
(md −ms +mb) |yD323 |2
, (16)
vˆ2 =
md −ms +mb
yD233
. (17)
For quark masses mu = 1.27 MeV, mc = 0.633 GeV, mt = 171.3, at the Z pole GeV (Table V), from Eq. (12) we find
the following approximate values for the vacuum expectation in terms of the masses and the Yukawas:
vˆ1y
U1
22 ∼
∣∣∣∣yU122yU113
∣∣∣∣2/3 (mumcmt)1/3 = ∣∣∣∣yU122yU113
∣∣∣∣2/3 0.516 GeV. (18)
From the bottom mass at the Z pole we can obtain vˆ2 from Eq. (17)
vˆ2 ∼ mb
yD233
=
2.91 GeV
yD233
. (19)
Using the constraint (7) and the numerical inputs in Table V in appendix B, we can establish the more restrictive
condition mu  yU122 vˆ1  mt. The consistency between the equations Eq. (13) and Eq. (19) requires the following
relation ∣∣∣∣ yU223yD233
∣∣∣∣ =
√(
mc + vˆ1yU122
)
mt
m2b
∼ 6.9, (20)
where we are assuming that vˆ1y
U1
22 ∼ 2.7mc (see Table V). Under similar assumptions it is also possible to get vˆ3
from the equation (14)
vˆ3 ∼ mt
yU333
. (21)
The consistency of this result with the value for vˆ3 in (16) implies∣∣∣∣yD323yU333
∣∣∣∣ = √msmbm2t = 2.4× 10−3, (22)
where, in this case, we took ms = 56 MeV at the Z pole. Finally, we can obtain vˆ4 from Eq. (15)
vˆ4 ∼
√
mdms
|yD412 |
(23)
We can obtain the vˆ4 from the condition (v
2
1 + v
2
2 + v
2
3 + v
2
4) = (246.24 GeV)
2 = v2. All the Yukawa couplings have
an strong dependency on yU333 since vˆ3 is the leading term in v. For example, setting y
U3
33 ∼ 0.983818 it is possible to
adjust yD412 ∼ 1, which for md = 3.15 MeV implies a vˆ4 ∼ 13.3 MeV. So, by setting various Yukawa couplings close to
1 (except by yU223 , y
D3
23 and y
U1
13 ) we obtain:
vˆ1 = 1.71 GeV, vˆ2 = 2.91 GeV, vˆ3 = 174.085 GeV, vˆ4 = 13.3 MeV. (24)
7V. THE EFFECTIVE LAGRANGIAN
The most important phenomenological consequence of non-universal PQ charges are the FCNC. To determine these
constraints we start by writing the most general effective Lagrangian as [44]:
L = (DµΦα)†DµΦα +
∑
ψ
iψ¯γµDµψ +
1
2
∂µa∂
µa− 1
2
m2aa
2
−
(
q¯Liy
Dα
ij Φ
αdRj + q¯Liy
Uα
ij Φ˜
αuRj + ¯`Liy
Eα
ij Φ
αeRj + ¯`Liy
Nα
ij Φ˜
ανRj + h.c
)
+ caΦαOaΦα + c1
α1
8pi
OB + c2
α2
8pi
OW + c3
α3
8pi
OG, (25)
where α runs over the Higgs doublets and i, j are family indices, the super index U refers to up-like quarks (the same
is true for the super indices D, E, N which refer to down-like, electron-like, neutrino-like fermions, respectively) and
Dµ = ∂µ + iΓµ. caΦα and c1,2,3 are Wilson coefficients, `L,Ri ei and νRi are the charged lepton doublet, right-handed
lepton, and right-handed neutrino fields. ψ stands for the SM fermion fields and the effective operators are given by
OaΦ =i
∂µa
Λ
(
(DµΦ
α)†Φα − Φα†(DµΦα)
)
, OB = − a
Λ
BµνB˜
µν ,
OW =− a
Λ
W aµνW˜
aµν , OG = − a
Λ
GaµνG˜
aµν . (26)
Redefining the fields
Φα −→ ei
x
Φα
Λ aΦα,
ψL −→ ei
xψL
Λ aψL,
ψR −→ ei
xψR
Λ aψR, (27)
and keeping the leading order LO terms in Λ−1, the Lagrangian can be written as:
L −→ L+ ∆LLO, (28)
where
∆LLO = ∆LKΦ + ∆LKψ + ∆LYukawa + ∆L(Fµν), (29)
with
∆LKΦ =ixΦα
∂µa
Λ
[
(DµΦ
α)†Φα − Φα†(DµΦα)
]
,
∆LKψ =
∂µa
2Λ
∑
ψ
(xψL − xψR)ψ¯γµγ5ψ − (xψL + xψR)ψ¯γµψ,
∆LY = ia
Λ
q¯Li
(
yDαij xdj − xqiyDαij + xΦαyDαij
)
ΦαdRj
+
ia
Λ
q¯Li
(
yUαij xuj − xqiyUαij − xΦαyUαij
)
Φ˜αuRj + h.c, (30)
and xqi , xui , xdi and xΦα are the PQ charges for the i-th family of the quark doublet, right-handed up-like, right-
handed down-like and the Higgs doublet Φα, respectively. xli , xei , xνi stand for the PQ charges of the lepton doublets,
the right-handed charged leptons and the right-handed neutral leptons, respectively. The field redefinitions (27) induce
a modification of the measure in the functional path integral whose effects can be determined from the divergence of
the axial-vector current: JPQ5µ =
∑
ψ(xψL − xψR)ψ¯γµγ5ψ [45],
∂µJPQ5µ =
∑
ψ
2imψ(xψL − xψR)ψ¯γ5ψ −
∑
ψ
(xψL − xψR)
α1Y
2(ψ)
2pi
BµνB˜
µν
−
∑
SU(2)L doublets
xψL
α2
4pi
W aµνW˜
aµν −
∑
SU(3) triplets
(xψL − xψR)
α3
4pi
GaµνG˜
aµν , (31)
8FIG. 1: Tree level diagram contribution to the FCNC processes K± → pi±a and B± → K∗±a.
where the hypercharge is normalized by Q = T3L+Y . The relation (31) is an on-shell relation; however, the derivative
is associated with the momentum of an on-shell axion. By replacing this result in LKψ = ∂
µa
2Λ J
PQ5
µ = − a2Λ∂µJPQ5µ
we obtain a modification of the leading order Wilson coefficients [46]
c1 −→ c1 − 1
3
Σq +
8
3
Σu+
2
3
Σd− Σ`+ 2Σe,
c2 −→ c2 − 3Σq − Σ`,
c3 −→ c3 − 2Σq + Σu+ Σd−AQ, (32)
where Σq ≡ xq1 + xq2 + xq3 is the sum of the PQ charges of the three families. From these expressions for the SM
fermions we obtain
∆L(Fµν) = a
Λ
α1
8pi
BµνB˜
µν
(
1
3
Σq − 8
3
Σu− 2
3
Σd+ Σ`− 2Σe
)
+
a
Λ
α2
8pi
W aµνW˜
aµν (3Σq + Σ`)
+
a
Λ
α3
8pi
GaµνG˜
aµν (2Σq − Σu− Σd+AQ) . (33)
We define ceff3 = c3−2Σq+ Σu+ Σd−AQ = −N . In our case there are no operators of dimension 5 in the Lagrangian
before redefining the fields, i.e., ci = 0. It is usual to define Λ = fac
eff
3 to absorb the factor c
eff
3 in the normalization
of the PQ charges 2. From now on we assume that all the PQ charges are normalized in this way, so that xψ stands
for xψ/c
eff
3 and the effective scale is fa. For normalized charges c
eff
3 = 1, thus, we still keep the general form in spite
to write all the expressions in terms of fa.
VI. LOW ENERGY CONSTRAINTS
Since our model has non-universal PQ charges, in addition to the usual constraints for the axion-photon coupling,
a tree level analysis of the Flavor Changing neutral currents is needed. For the decays K+ → pi+a and B → K∗a in
the general Lagrangian showed in the previous section there are two terms generating FCNC vertices, the term ∆LKψ
which has been analized in the literature [47] and ∆LY which stands for the Λ−1 interaction between the Yukawa
Lagrangian and the axion. In our approach, we assume that these terms are absent in the original Lagrangian, i.e.,
ci = 0, such that these terms are proportional to the PQ charges. In Appendix C 3, it is shown that the decay width
of pseudoscalar K+ (B) meson into an axion and a charged pion (vector K∗) is given by
Γ(K+ → pi+a) =m
3
K
16pi
(
1− m
2
pi
m2K
)2
λ
1/2
Kpiaf
2
0 (m
2
a)|gVads|2,
Γ(B → K∗a) =m
3
B
16pi
λ
3/2
BK∗aA
2
0(m
2
a)|gAasb|2, (34)
2 Notice that ceff3 could be negative, however it does not represent a problem since the observables always depend on |fa|2.
9Collaboration upper bound
E949+E787 [48, 49] B (K+ → pi+a) < 0.73× 10−10
CLEO [50] B (B± → pi±a) < 4.9× 10−5
CLEO [50] B (B± → K±a) < 4.9× 10−5
BELLE [51] B (B± → ρ±a) < 21.3× 10−5
BELLE [51] B (B± → K∗±a) < 4.0× 10−5
(36)
TABLE IV: These inequalities come from the window for new physics in the branching ratio uncertainty of the meson decay
in a pair ν¯ν.
FIG. 2: Allowed regions by semileptonic meson decays.
where λMma =
(
1− (ma+m)2M2
)(
1− (ma−m)2M2
)
and
gV,Aadidj =
1
2faceff3
(
2∆DijV,A +
vˆ∆γ1Φ Y
Dγij
V,A
(mDi ∓mDj )
)
, (35)
where ∆DijV,A = ∆
Dij
RR (d) ±∆DijLL (q) with ∆FijLL (q) =
(
UDL xq U
D†
L
)ij
and ∆FijRR(d) =
(
UDR xd U
D†
R
)ij
. The parameters
associated with the FCNC due to the differences between the Higgs charges are: ∆γβΦ = (RxΦR
T )γβ , vˆ = v/
√
2 and
Y DγijV,A =
(
Y Dγij ∓ Y Dγ†ij
)
. The term with γ = 1 does not contribute to the FCNC since Y D1 = 2vm
D is a diagonal
matrix but there are off-diagonal contributions for γ = 2, 3, 4. The Yukawa matrix in the mass basis is given by
Y Dγij =
(
UDL Rγαy
DαUD†R
)
ij
, where yDαkl , Rγα and U
D
L,R are defined in the equations (11), (C3) and (B2), respectively.
The factor 2 in front of ∆DijV,A and the second term inside the brackets in the Eq. (35) are a new contributions with
respect to the existing literature [47], these new contributions come from ∆LY . In the Eq. (35) we normalized the
charges with ceff3 as it is explained in the last paragraph of section V.
For ma  1 MeV the form factor is f0(m2a) ≈ 1 [52] for K± → pi±a. On the other side, we get from reference [53]
we obtain: f0(m
2
a) ≈ 0.33. for B± → K±a, f0(m2a) ≈ 0.258 for B± → pi±a and for decays with a vector meson in the
final state A0(m
2
a) ≈ 0.374 for B± → K∗±a. The constraints on the axion couplings and the decay constant fa can
be obtained from rare semileptonic meson decays M → mν¯ν, where M stands for K±, B± and m = pi±,K±,K∗, ρ,
these constraints are summarized in Table VI. Figure 2 shows the decay constant fa as a function of . For our PQ
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charges, the FCNC from the processes B± → pi±a and B± → K∗±a are strongly suppressed, in such a way that these
constraints are satisfied trivially, hence their allowed regions are not shown in Figure 2. By choosing conveniently the
parameters, it is possible to adjust the recently reported XENON1T anomaly [54].
VII. SUMMARY AND CONCLUSIONS
In this work we have proposed a PQ symmetry that gives rise to Hermitian mass matrices with five texture-zeros.
This texture can adjust in a non-trivial way the six masses of the quarks and the three CKM mixing angles and the
CP violating phase. The Hermitian mass matrices, MU and MD have 18 free parameters, six of them are phases and
12 are real parameters. As it is well known in the literature, three of these parameters can be made equal to zero
through a WBT and without any physical consequence [9–11]. Five of these phases can be reabsorbed in the fermion
fields [55, 56] in such a way that we end with nine real parameters and one phase to explain the six quark masses, the
three mixing angles, and the CP phase, achieving parity between the number of free parameters and experimental
measurements. By imposing two texture zeros (in addition to the three zeros obtained from the WBT) there are
more experimental constraints than free parameters, this feature eliminates a large number of possible textures for
the mass matrices. In appendix A we showed that this texture requires at least four Higgs doublets to be generated
from a PQ symmetry. In Eq. (2) we proposed a general parameterization for the PQ charges which is consistent with
the texture. Since many observables are proportional to the PQ charges normalized by the anomaly of the QCD, we
included into the particle content of the model a heavy quark singlet under SUL(2)× UY (1) with chiral PQ charges,
in such a way that we are free to put the PQ charges close to zero keeping N at a finite value. To generate the mass
matrix pattern and simultaneously to solve the strong QCD problem it is necessary to keep  and N different from
zero in Eq. (2). In our case, the FCNC observables do not depend on the parameters α and sˆ1 hence the axion decay
constant fa (or the axion mass ma) and  were relevant in our analysis. By defining almost all the Yukawas close to
1, it was possible to determine the vacuum expectation values of the Higgs doublets from the experimental value of
the quark masses and the CKM mixing matrix. This choice obeys the criteria of naturalness and is very convenient
to understand the origin of the mass hierarchies in the SM. Since in our model the PQ charges are non-universal
there are FCNC at the tree level. Another source of FCNC is the difference between the PQ charges of the Higgs
doublets. We calculated the tree level FCNC couplings from the effective interaction Lagrangian between the kinetic
term of the quarks and the axion, these couplings are well known in the literature [47], besides, we calculated the
FCNC coming from the effective Lagrangian of interaction between the Yukawa term and the axion. This calculation
poses some technical problems due to the multi-Higgs sector. To solve this, we proposed a generalized Georgi rotation
for an arbitrary number of Higgs doublets. This procedure allows us to write the scalar sector as a Higgs field with
a VEV= 246.25 GeV and 3 Higgs doublets with VEV equal to zero. The generalized Georgi rotation is quite useful
to isolate the leading order contribution to the FCNC vertex involving quarks. In appendix C 3 we calculated the
decay width for the decay of a pseudoscalar meson into a pseudoscalar (or vector) meson and an axion. This result
let us determine the region of the parameter space allowed by the experimental constraints. As a bonus, we showed
that our model can adjust the axion mass required to explain the anomaly recently reported by XENON1T [54]. For
future work, it is necessary to extend the PQ symmetry to leptons. Although it is true that in the literature there are
textures that can adjust the parameters of the lepton sector [43, 57–61], these textures are different from those used
with quarks [9] and therefore require additional Higgs doublets. The analysis is not trivial since each additional Higgs
doublet generates 7 inequalities involving the SM PQ charges. It is possible to use textures with a smaller number of
zeros. This election requires fewer Higgs doublets but in this case, it is difficult to keep the Yukawa couplings close
to 1, therefore, it is not possible to obtain an insight into the origin of the SM hierarchies.
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Appendix A: The minimal content of Higgs doublets
The texture (A1) can be obtained from a Peccei-Quinn U(1)PQ symmetry, incorporating in the model a minimum
of 4 Higgs doublets with charges xφ.
MU =
 0 0 x0 x x
x x x
 , MD =
 0 x 0x 0 x
0 x x
 . (A1)
The idea of the demonstration is: we first observe that in terms of the charges xψ, each entry allowed in the array
MU must satisfy the relation:
SUαij = −xqi + xuj − xφα = 0, (A2)
where xφα stands for the charge of the α-th Higgs in the equation (A2). By assuming two quarks doublets qLi and
qLj with identical PQ charges xq and requiring S
Uα
ik = −xqi + xuk − xφα = 0 for any k = 1, 2, 3, we also have
SUαjk = −xqj + xuk − xφα = 0, for the same k’s and the Higgs doublet φα (since xqi = xqj ). This would lead to having
two rows in the matrix MU with an equivalent structure, that is to say, the allowed and forbiden terms are the same,
which contradicts the structure of the matrix. Similarly, if two fields uRi, uRj with i 6= j, had equal charges, it would
lead to an array MU with a similar structure in two columns, which is not present in (A1); the same applies to the
matrix MD, thus:
xqi 6= xqj , xui 6= xuj , xdi 6= xdj , with i, j = 1, 2, 3. (A3)
From these inequalities and noting that in the third column in MU all terms are allowed, we can conclude that at
least three Higgs doublets are required to reproduce the texture-zeros of the matrix MU . Now it is necessary to settle
if three Higgs doublets are enough to simultaneously reproduce the matrix MU and MD in A1. The third column in
Mu implies the relations
SUαi,3 = −xqi + xu3 − xφα = 0, for each i = 1, 2, 3, (A4)
then xq1 = xu3 − xφα = 0 and xq2 = xu3 − xφα = 0. Since xq1 6= xq2 these equations can not be simultaneously valid
for the same xφα . The same is true for any pair xqi , xqj with i 6= j, hence, we need, at least, three Higgs doublets.
The next step is to determine if the three chosen Higgs doublets for MU are enough to generate the texture of MD.
For three Higgs doublets the texture (A1) requires 7× 3 = 21 inequalities associated with the forbidden entries, i.e.,
SD,Uij = −xqi + x(d/u)j ± xφα 6= 0, α = 1, 2, 3. (A5)
Now, without loss of generality, we can take the charge of the singlet xu3 = 0, and from the equations (A4) for the
couplings of uR3 we can identify the charges of the doublets qL with the charges of the three Higgs fields, such that:
xqi = −xφi . With this result we can put together the equations (A2) and the inequalities (A5), in such a way that
the texture of the matrix MD can be written-down as:
SD =
 xφ1 + xd1 + (xφ)1,1 6= 0 xφ1 + xd2 + (xφ)1,2 = 0 xφ1 + xd3 + (xφ)1,3 6= 0xφ2 + xd1 + (xφ)2,1 = 0 xφ2 + xd2 + (xφ)2,2 6= 0 xφ2 + xd3 + (xφ)2,3 = 0
xφ3 + xd1 + (xφ)3,1 6= 0 xφ3 + xd2 + (xφ)3,2 = 0 xφ3 + xd3 + (xφ)3,3 = 0
 , (A6)
where the inequalities must be satisfied by any (xφ)i,j = xφi , with i = 1, 2, 3. For the equalities, it is enough if at
least one xφi satisfies them.
(xφ)2,1 =

xφ1 → SD11 = 0 (must be 6= 0)
xφ2 is a consistent solution
xφ3 → SD13 = 0 (must be 6= 0),
(A7)
By the same way, the choice (xφ)23 = xφ1 in S
D
23 is not consistent with the inequality S
D
13, and the choice (xφ)21 = xφ2
due to SD21, implies xd3 = xd1 , which is forbidden by Eq. (A3), therefore the only option is (xφ)21 = xφ3 . The proposed
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analysis allows defining in a unambiguous way the fields (xφ)ij in the equalities. Proceeding in an identical way for
the remaining ones, we get:
(xφ)2,1 =xφ2 , (xφ)2,3 = xφ3 , (xφ)1,2 = xφ3 ,
(xφ)3,2 =xφ1 , (xφ)33 = xφ2 , (A8)
By replacing these expressions in (A6) SD reduces to
SD =
 xφ1 + xd1 + (xφ)11 6= 0 xφ1 + xd2 + xφ3 = 0 xφ1 + xd3 + (xφ)13 6= 02xφ2 + xd1 = 0 xφ2 + xd2 + (xφ)22 6= 0 xφ2 + xd3 + xφ3 = 0
xφ3 + xd1 + (xφ)31 6= 0 xφ3 + xd2 + xφ1 = 0 xφ3 + xd3 + xφ2 = 0
 . (A9)
From this expression we obtain the relation: SD21 − SD11 = 2xφ2 − xφ1 − (xφ)1,1 6= 0, since this must be true for all
(xφ)1,1 = xφi , for i = 1 we get:
2xφ2 − xφ3 − xφ1 6= 0. (A10)
By carrying out the same analysis for SU (using the same conventions xu3 = 0 and −xqi = xφi ) there are two options
for this matrix
SU(AB)
=
 xφ1 + xu1 − (xφ)11 6= 0 xφ1 + xu2 − (xφ)12 6= 0 0xφ2 + xu1 − (xφ)21 6= 0 xφ2 + xu2 − xφ(13) = 0 0
xφ3 + xu1 − xφ(12) = 0 xφ3 + xu2 − xφ(21) = 0 0
 , (A11)
where subscript
(
2
1
)
indicates that either of the two values xφ1 or xφ2 are possible. The subscript
(
A
B
)
means that
all the up (down) options must be replaced simultaneously, mixing between up and down options must be avoided.
From this matrix, i.e., SUA , we obtain (S
U
A )22 − SUA )32 = 2xφ2 − xφ3 − xφ1 = 0, which is forbidden by (A10), then, the
option SUA is not possible. For the option S
U
B we have
(SUB )22 − (SUB )32 = −2xφ3 + xφ3 + xφ1 = 0, (A12)
but, (SUB )11− (SUB )31 = −2xφ3 +xφ2 +xφ1 6= 0 (where we took (xφ)11 = xφ3 in SUB ) that violates the inequality (A12),
therefore it is not possible to build the texture (A1) with just three Higgs doublets. By adding a Higgs doublet,
infinite solutions are presented thus demonstrating that a minimum of four Higgs doublets are required to reproduce
the texture (A1).
Appendix B: diagonalization matrices
In order to compare with physical quantities, it is necessary to rotate fields to the mass eigenstates, i.e., uL,R =
UUL,Ru
′ and dL,R = UDL,Rd
′, where prime means the interaction basis. In our formalism the mass matrices are
Hermitian, hence the right-handed and left-handed diagonalizing matrices are identical; however, we obtain a minus
sing on the quarks of the second family, to get a positive mass matrix we intruduce the identity matrix writen as
I2I2 = 1 with I2 = diag(1,−1, 1), i.e.,
MUij =
(
UU†λUUU
)
ij
=
(
UU†L m
UUUR
)
ij
=
v√
2
YU1ij =
v√
2
R1αy
Uα
ij ,
MDij =
(
UD†λDUD
)
ij
=
(
UD†L m
UUDR
)
ij
=
v√
2
YD1ij =
v√
2
R1αy
Dα
ij , (B1)
where λU,D = diag(mu,d,−mc,s,mt,b), mU,D = diag(mu,d,mc,s,mt,b), and
UU,DL = U
U,D, UU,DR = I2U
U,D. (B2)
It is important to stress that the texture-zeros pattern in the matrix YF1ij are identical to those in the original
Yukawa couplings yFαij , since the sum over α does not mix the i, j indices. In fact, according to equation (11)
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MU,D = vα√
2
yU,Dαij =
v√
2
R1αy
U,Dα
ij , therefore R1α =
vα
v . The diagonalization matrices are:
UU† =

ei(φCu+θ1u)
√
mcmt(Au−mu)
Au(mc+mu)(mt−mu) −ei(φCu+θ2u)
√
(Au+mc)mtmu
Au(mc+mt)(mc+mu)
ei(φCu+θ3u)
√
mc(mt−Au)mu
Au(mc+mt)(mt−mu)
−ei(φBu+θ1u)
√
(Au+mc)(mt−Au)mu
Au(mc+mu)(mt−mu) −ei(φBu+θ2u)
√
mc(mt−Au)(Au−mu)
Au(mc+mt)(mc+mu)
ei(φBu+θ3u)
√
(Au+mc)mt(Au−mu)
Au(mc+mt)(mt−mu)
eiθ1u
√
mu(Au−mu)
(mc+mu)(mt−mu) e
iθ2u
√
mc(Au+mc)
(mc+mt)(mc+mu)
eiθ3u
√
mt(mt−Au)
(mc+mt)(mt−mu)
 ,
(B3)
UD† =

eiθ1d
√
mb(mb−ms)ms
(mb−md)(md+ms)(mb+md−ms) −eiθ2d
√
mb(mb+md)md
(md+ms)(mb+md−ms)(mb+ms)
√
md(ms−md)ms
(mb−md)(mb+md−ms)(mb+ms)
eiθ1d
√
md(mb−ms)
(mb−md)(md+ms) e
iθ2d
√
(mb+md)ms
(md+ms)(mb+ms)
√
mb(ms−md)
(mb−md)(mb+ms)
−eiθ1d
√
md(mb+md)(ms−md)
(mb−md)(md+ms)(mb+md−ms) −eiθ2d
√
(mb−ms)ms(ms−md)
(md+ms)(mb+md−ms)(mb+ms)
√
mb(mb+md)(mb−ms)
(mb−md)(mb+md−ms)(mb+ms)
 ,
(B4)
where θ1u, θ2u, θ3u, θ1d y θ2d are arbitrary phases (a third phase for the diagonalization matrix (B4) can be absorbed
by the remaining phases) which are useful to adapt to the convention of the matrix VCKM = U
U
L U
D†
L . Taking as input
the SM parameters at the Z pole, the best fit values are:
θ1u θ2u θ3u θ1d θ2d φCu φBu
-2.84403 1.85606 -0.00461668 1.93013 -0.976639 -1.49697 0.301461
Au mu mc mt md ms mb
1690.29 MeV 1.2684 MeV 633.197 MeV 171268 MeV 3.14751 MeV 56.1169 MeV 2910.01 MeV
TABLE V: Best fit point of the mass matrices parameters to the quark masses and mixing angles at the Z pole.
Appendix C: Tree level FCNC
In this section, we calculate three-level contributions involving SM fermions and axions, leaving aside tree-level
vertices involving exotic Higgs doublets. To overtake the problem that represents to have several Higgs doublets we
propose a generalized Georgi rotation, which is a purely technical manipulation that allows put together the leading
order contributions in a single term.
1. FCNC from the Yukawa interaction terms
The most general Lagrangian for the interaction of four Higgs doublets Φα with the quarks of the SM is given by
L = −q¯′iLΦαyDαij d′jR − q¯′iLΦ˜αyUαij u′jR + h.c, (C1)
where a sum is assumed on repeated indices. Here i, j run over 1, 2, 3 and α over 1, 2, 3, 4. The Higgs boson doublet
fields are parametrized as follows:
Φα =
(
φ+α
vα+φ
0
α+iG
0
α√
2
)
, Φ˜α = iσ2Φ
∗
α. (C2)
In a similar way as in the two Higgs doublet model [62] we rotate the Higgs fields to the (generalized) georgi basis,
i.e., H1H2H3
H4
 = R1(β1)R2(β2)R3(β3)
Φ1Φ2Φ3
Φ4
 ≡ RβαΦα, (C3)
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where
R1(β1) =
 cosβ1 sinβ1 0 0− sinβ1 cosβ1 0 00 0 1 0
0 0 0 1
 , (C4)
R2(β2) =
1 0 0 00 cosβ2 sinβ2 00 − sinβ2 cosβ2 0
0 0 0 1
 , (C5)
R3(β3) =
1 0 0 00 1 0 00 0 cosβ3 sinβ3
0 0 − sinβ3 cosβ3
 , (C6)
where tanβ1 =
√
v22+v
2
3+v
2
4
v1
, tanβ2 =
√
v23+v
2
4
v2
and tanβ3 =
v4
v3
. This basis is chosen in such a way that only the neutral
component of H1 acquires a vacuum expectation value
〈H1〉 =
√
v21 + v
2
2 + v
2
3 + v
2
4
2
≡ v√
2
, 〈H2〉 = 0, 〈H3〉 = 0, 〈H4〉 = 0. (C7)
In this way Φαy
Fα
ij = y
Fα
ij R
T
αβRβγΦγ = YFβij Hβ , where we have defined
YFβij = RβαyFαij . (C8)
With these definitions equation (C1) becomes
L = −q¯′iLHβYDβij d′jR − q¯′iLH˜βYUβij u′jR + h.c. (C9)
It is necessary to rotate to the mass eigenstates of the fermion mass, i.e.,
fL,R = U
F
L,Rf
′
L,R. (C10)
From the Lagrangian for the charged currents
LCC = − g√
2
u¯′Liγ
µd′LiW
+ + h.c = − g√
2
u¯Liγ
µ (V
CKM
)ij dLjW
+ + h.c, (C11)
it is possible to obtain the CKM mixing matrix V
CKM
= UUL U
D†
L by rotating to the fermion mass eigenstates. In
particular, we are interested in the axial neutral current coupling to the axion in the mass eigenstates
LH0 =− d¯′iLH0βYDβij d′jR − u¯′iLH0∗β YUβij u′jR + h.c,
=− d¯iLH0βY Dβij djR − u¯iLH0∗β Y Uβij ujR + h.c, (C12)
where Y Fαhk =
(
UFL YFαUF†R
)
hk
and F = U,D. From these expressions we obtain the neutral current contribution
∆L0Y =
ia
fa
d¯Li
(
Y Dβik ∆
Dkj
RR (d)−∆DikLL (q)Y Dβkj + Y Dγij (RxΦRT )γβ
)
dRjH
0
β
+
ia
fa
u¯Li
(
Y Uβik ∆
Ukj
RR (u)−∆UikLL (q)Y Uβkj − Y Uγij (RxΦRT )γβ
)
uRjH˜
0
β + h.c,
(C13)
where ∆FXX(q) = U
F
Xxq U
F†
X with X = L,R. For β = 1:
Y F1hk =
√
2
v
(mF )kδhk, H1 =
(
H+1
v+h01+ig
0
1√
2
)
. (C14)
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From the term proportional to v in H1 it is possible to get a neutral current interaction term between the SM fermions
and the axion, aψ¯ψ, which is relevant in the phenomenological analysis:
∆L0Y (β = 1) =
ia
fa
d¯Li
(
mD∆DRR(d)−∆DLL(q)mD + Y Dγ(RxΦRT )γ1
v√
2
)
ij
dRj
+
ia
fa
u¯Li
(
mU∆URR(u)−∆ULL(q)mU − Y Uγ(RxΦRT )γ1
v√
2
)
ij
uRj + h.c. (C15)
We can obtain the FCNC adidj vertex from Eq. C15. One of the contributions originates from the non-universality of
the PQ charges of the down-like quarks ∆LFCNCmD and the other contribution is proportional to the differences between
the charges of the Higgs doublets: ∆LFCNCY DΦ .
∆LFCNCmD =
ia
fa
d¯Li
(
mDi ∆
Dij
RR (d)−∆DijLL (q)mDj
)
dRj + h.c (C16)
=
ia
fa
d¯i
(
mDi ∆
Dij
RR (d)−∆DijLL (q)mDj
)
PRdj (C17)
− ia
fa
d¯j
(
∆DjiRR (d)m
D
i −mDj ∆DjiLL (q)
)
PLdi = iad¯i
[
gm
D
V ij + g
mD
Aij γ
5
]
dj , (C18)
where
gm
D
V ij =
1
2fa
[
mDi ∆
Dij
V −∆DijV mDj
]
,
gm
D
Aij =
1
2fa
[
mDi ∆
Dij
A + ∆
Dij
A m
D
j
]
, (C19)
with ∆DijV,A = ∆
Dij
RR (d)±∆DijLL (q). The second term is given by
∆LFCNCY DΦ =
ia
fa
d¯Li
(
Y Dγ(RxΦR
T )γ1
v√
2
)
ij
dRj + h.c,
=
ia
fa
d¯Li
(
Y Dγ(RxΦR
T )γ1
v√
2
)
ij
dRj − ia
fa
(RxΦR
T )1γ d¯iY
Dγ†
ij PLdj
v√
2
.
=iad¯i
(
gY
DΦ
V ij + g
Y DΦ
Aij γ
5
)
dj , (C20)
where
gY
DΦ
V,Aij =
vˆ
2fa
(RxΦR
T )γ1
v√
2
(
Y Dγij ∓ Y Dγ†ij
)
=
1
2fa
(∆Φ)
γ1Y DγijV,A , (C21)
in this expresion we defined ∆γβΦ = (RxΦR
T )γβ = RγδxΦδR
T
δβ , vˆ = v/
√
2 ∼ mt and Y DγijV,A =
(
Y Dγij ∓ Y Dγ†ij
)
.
Putting all the contributions together finally we obtain:
gY
D
V,Aij = g
mD
V,Aij + g
Y DΦ
V,Aij =
1
2fa
[
(mDi ∓mDj )∆DijV + vˆ(∆Φ)γ1Y DγijV,A
]
. (C22)
The axion momentum is on-shell hence we can use the Dirac equation identities ∂µ(d¯iγ
µdj) = i(m
D
i − mDj )(d¯idj)
∂µ(d¯iγ
µγ5dj) = i(m
D
i +m
D
j )(d¯iγ
5dj) in Eq. C18 to obtain
∆LFCNCY D = −
∂µa
2fa
d¯iγ
µ
[
∆DijV +
vˆ(∆Φ)
γ1Y˜ DγijV
(mDi −mDj )
+
(
∆DijA +
vˆ(∆Φ)
γ1Y DγijA
(mDi +m
D
j )
)
γ5
]
dj (C23)
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2. FCNC from ∆LKψ
The interactio´n term (29) between the fermions kinetic terms and the axion is given by:
∆LKψ =
∂µa
2fa
∑
ψ
(xψL − xψR)ψ¯′γµγ5ψ′ − (xψL + xψR)ψ¯γµψ′ (C24)
=− ∂µa
2fa
∑
ψ
xψL ψ¯
′γµ(1− γ5)ψ′ + xψR ψ¯γµ(1 + γ5)ψ′, (C25)
From this expresion we obtain for the SM quarks
= −∂µa
2fa
(
u¯iγ
µ
(
1− γ5)∆UijLL (q)uj + d¯iγµ (1− γ5)∆DijLL (q)dj
+u¯iγ
µ
(
1 + γ5
)
∆UijRR(u)uj + d¯iγ
µ
(
1 + γ5
)
∆DijRR (d)dj
)
, (C26)
From these expresions we are interested in the terms
∆LKD =−
∂µa
2fa
(
d¯iγ
µ
(
1− γ5)∆DijLL (q)dj + d¯iγµ (1 + γ5)∆DijRR (d)dj
)
=− ∂µa
2fa
d¯iγ
µ
(
∆DijV + γ
5∆DijA
)
dj , (C27)
3. V-A effective couplings and the Meson decay width
By adding the Eq. (C23) and the three-level FCNC involving down-like quarks in Eq (C27) we get
∆LKD + ∆LY D =−
∂µa
2fa
d¯iγ
µ
[(
2∆DijV +
vˆ(∆Φ)
γ1Y˜ DγijV
(mDi −mDj )
)
+
(
2∆DijA +
vˆ(∆Φ)
γ1Y˜ DγijA
(mDi +m
D
j )
)
γ5
]
dj
≡− ∂µa d¯iγµ
(
gVadidj + γ
5gAadidj
)
dj . (C28)
From this expression, we can infer vector and axial couplings for any type of fermions F = U,D,E,N
gV,Aafifj =
1
fa
(
∆FijV,A −
TF3Lvˆ∆
γ1
Φ Y˜
Fγij
V,A
(mDi ∓mDj )
)
. (C29)
where 2TF3L = 1 for F = U,N and 2T
F
3L = −1 for F = D,E. According to reference [63]
Γ =
S|~p|
8pim2K
|M|2, (C30)
where |~p| = mKλ1/2Kpia/2, λKpia =
(
1− (ma+mpi)2
m2K
)(
1− (ma−mpi)2
m2K
)
and S = 1. The leading order S matrix element
for K− → pi−a is
M = 〈pi−(ppi), a(pa)|iL(s→ d)|K−(pK)〉 =− igVads(pK − ppi)µ〈pi−(ppi)|d¯γµs|K−(pK)〉〈a(pa)|a(pa)|0〉
=− igVads(m2K −m2pi)f0(q2),
where q2 = (pK − ppi)2 and f0(q2) = f+(q2) + q
2
(m2K−m2pi)
f−(q2), 〈a(pa)|a(pa)|0〉 = 〈a(pa)|a(pa)〉=1. As the inital and
final states have the same parity only the matrix elements of the vector current are different from zero [64], then
Γ(K+ → pi+a) = m
3
K
16pi
(
1− m
2
pi
m2K
)2
λ
1/2
Kpiaf
2
0 (m
2
a)|gVads|2. (C31)
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To calculate the B → V a decay width, where V is a vector meson, it is necessary to consider the form factors for the
quark level process b→ q [65]
〈V (k, )|q¯γµb|B(p)〉 = 2iV (q
2)
mB +mV
µνρσ∗νkρpσ, (C32)
〈V (k, )|q¯γµγ5b|B(p)〉 =2mVA0(q2)
∗ · q
q2
qµ + (mB +mV )A1(q
2)
(
∗µ − 
∗ · q
q2
qµ
)
−A2(q2) 
∗ · q
(mb +mV )
[
(p+ k)µ − m
2
B −m2V
q2
qµ
]
. (C33)
There are also strong constraints from the decay B → K∗a, the K∗ kaon is a vectorial meson, parity-even under
inversion of the spatial coordinates. Due to the selection rules of the Lorentz group only the axial-vector matrix
elements 〈K∗|s¯γµγ5b|B〉 are different from zero
M =− igVasbqµ〈K(pK)|s¯γµγ5b|B(pP )〉
=− igVasb2mK∗A0(q2)∗ · q,
where qµ = (pB − pK)µ. Summing over the final polarization states
∑
s 
µ∗(s)ν∗(s) =
(
−gµν + p
µ
K∗p
ν
K∗
m2
K∗
)
, we get∑
s
|M|2 = |gAasb|2A20(m2a)m4BλBK∗a, (C34)
and replacing this result in Eq. C30 the width decay can be written as
Γ(B → K∗a) = m
3
B
16pi
λ
3/2
BK∗aA
2
0(m
2
a)|gAasb|2. (C35)
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